Background and Purpose-It is unclear whether diets with high glycemic index (GI) and low cereal fiber (CF) are associated with greater risk of stroke. We aimed to assess the relationship between dietary GI and CF content, retinal microvasculature changes, and stroke-related mortality. Methods-The study consisted of a population-based cohort, 49ϩ years, examined at baseline (1992 to 1994). At baseline, participants completed validated food frequency questionnaires. Mean GI was calculated using an Australian database.
T here is increasing evidence that postprandial or postchallenge glycemia is an important, independent risk factor for stroke. 1 Dietary glycemic index (GI) is a commonly used marker of the postprandial blood glucose response. This index ranks carbohydrates according to their effect on blood glucose. 2 Only a few studies have examined the relationship of GI and risk of stroke, [3] [4] [5] and pathophysiological mechanisms underlying this potential association are unclear. It has been postulated that high-GI diets might lead to small vessel dysfunction, an important precursor of stroke and other cardiovascular diseases. 3,6 -9 The formation of advanced glycation end products, glycemia-induced oxidative stress, or the effects of inflammatory intermediaries have all been proposed as possible factors mediating the effects of higher GI on small vessels. 6,10 -13 The retinal microvasculature shares similar anatomic, physiological, and embryological characteristics with the cerebral vasculature. 14, 15 Quantitative measurement of retinal microvascular changes is now possible using reproducible, computer-assisted methods to examine retinal photographs. 16 Population-based studies further showed that subtle retinal vascular caliber changes (particularly narrower arterioles and wider venules) independently predicted stroke and stroke death. [17] [18] [19] [20] Thus, studying the association of GI and retinal microvascular changes may provide insights into potential effects of postprandial blood glucose response on the microvasculature.
We investigated the associations of GI with stroke-related mortality and retinal microvascular caliber in an older Australian cohort. We aimed to test the hypothesis that retinal microvascular changes may partly explain the reported association between high-GI foods and stroke mortality. We also examined associations with dietary cereal fiber (CF) given its strong interrelationship with GI.
Methods

Study Population
The Blue Mountains Eye Study (BMES) is a population-based cohort study of vision, common eye diseases, and other health outcomes in an urban, predominantly white population aged 49 years or older. The 1992 to 1994 baseline study examined 3654 eligible residents of 2 postcodes of the Blue Mountains region west of Sydney, Australia (82.4% response). Subsequent 5-and 10-year examinations of this cohort were conducted. 21, 22 The study adhered to the Helsinki Declaration recommendations and was approved by the Sydney West Area Health Service Human Research Ethics Committee. Written, informed consent was obtained from all participants.
Retinal Photography
Detailed methods of grading the caliber of retinal arterioles and venules are described elsewhere. 23 In brief, at the baseline examination, 30°photographs of the macular, optic disc, and other retinal fields of both eyes were taken, after pupil dilation, using a Zeiss FF3 fundus camera (Zeiss, Oberkochen, Germany). We used methods developed by the University of Wisconsin-Madison 24 to measure the internal caliber of retinal arterioles and venules from digitized photographs. These were then summarized using established formulas 25 that account for branching patterns and combine individual vessel calibers into summary indices, reflecting the mean arteriolar and venular calibers, respectively, of each eye.
Dietary Data
A standardized interview and examination was performed and participants completed a detailed food frequency questionnaire (FFQ). This had 145 items, modified for the Australian diet and vernacular, from a Willett questionnaire 26 incorporating a 9-category frequency scale and standard portion size estimates. This FFQ had reasonable concurrent validity when validated against 4-day weighed food records collected on 3 occasions in 1 year. 27 The validation yielded an energy-adjusted Spearman coefficient of 0.82 between self-reported and weighed food records and correctly classified 85% to within one quintile difference for dietary fiber. The corresponding coefficient for GI was 0.57 and correct classification of subjects to within one quintile difference for GI was 74%. 2 Dietary intakes were estimated using Australian Tables of Food Composition (NUTTAB  90) 28 and published GI values using the glucoseϭ100 scale. 29 Additional GI data were obtained from the Sydney University GI Research Service (SUGiRS) online database (www.glycemicindex. com). In total, 88.9% of GI values were obtained from published values and 11.1% were interpolated from similar food items. The consumption of breakfast cereals, collected in the FFQ, was used to enhance accuracy of the GI calculations.
An overall GI value for each participant's diet was calculated by summating the weighted GI of individual foods in the diet. The weighting was proportional to the contribution of individual foods to total carbohydrate intake. We also extracted data on total fiber intake as well as the fiber contribution from cereals, vegetables, and fruits.
The FFQ was attempted and returned by 3267 participants at baseline (89.4%) with 2897 (88.7% of those attempting the FFQ, 79.3% of total participants) having sufficiently complete and plausible FFQ data for analysis. Subjects were excluded when more than 12 FFQ questions were missing, if an entire page was blank, or if daily energy intakes were Ͻ2500 kJ or Ͼ18 000 kJ. 27, 30 
Demographic, Lifestyle, and Dietary Variables
The interview included questions about medical history, including physician-diagnosed history of stroke and myocardial infarction, and lifestyle factors such as smoking. Higher educational achievement was defined as attainment of educational qualifications (certificate, diploma, or degree) after secondary schooling. A single measure of systolic blood pressure and diastolic blood pressure using a mercury sphygmomanometer was recorded from the first and fifth Korotkoff sounds. Body mass index was calculated as weight (kg)/height (m) 2 . Fasting blood samples were processed the same day for hemoglobin, white cell and platelet counts, glucose, total cholesterol, triglycerides, high-density lipoprotein-cholesterol, and fibrinogen levels by the Institute of Clinical Pathology, Westmead Hospital.
Stroke Mortality
Mortality data since baseline (13 years) were obtained by data linkage with the Australian National Death Index in December 2005. The sensitivity and specificity of Australian National Death Index data has been estimated to be 93.7% and 100% for all-cause deaths, respectively, and 92.5% and 89.6%, respectively, for cardiovascular deaths. 31, 32 Stroke deaths (thrombotic, hemorrhagic) included the following International Classification of Diseases, 9th Revision codes (430.0 to 438.9) and International Classification of Diseases, 10th Revision codes (I60.0 to I69.9) when listed as any cause of death. No validity data on stroke-related deaths were previously reported.
Statistical Methods
Statistical analyses were performed using SAS Version 9.1 (SAS Institute, Cary, NC). The associations between dietary variables and retinal vessel caliber data are cross-sectional, whereas the mortality associations are longitudinal.
Subject intakes were divided into tertiles by their mean dietary GI or fiber intake. Dietary GI and fiber variables were adjusted for total energy intake using the Willett residual method. 33 This method was also used to assess the effect of nutritional variables on retinal arteriolar or venular caliber independent of fellow vessel influences; venule-adjusted arteriolar caliber was defined using linear regression with venular caliber as the independent variable and arteriolar caliber the dependent variable by calculating residuals and adding these to the expected mean arteriolar caliber. Arteriole-adjusted venular caliber was similarly defined. The resulting adjusted caliber variables represent the nonshared variance of each vessel measurement, respectively. 34 -36 Cox proportional hazards regression was used to assess hazard ratios (HRs) with 95% CIs for tertile of mean GI or CF consumption on 13-year stroke-related mortality after adjusting for age, gender, systolic blood pressure and diastolic blood pressure, body mass index, smoking status, educational qualifications, fair or poor self-rated health, history of myocardial infarction and stroke, and presence of diabetes. The proportional hazards assumption was tested for GI or CF variables with stroke mortality and no violations were detected. Participants lost to follow-up were treated as nondeaths.
To determine the individual and joint effects of GI and CF on the risk of stroke, we stratified the population into 3 groups by unhealthy versus healthy dietary intakes of these 2 measures. First, persons in both the lowest tertile of GI and the highest tertile of CF were considered healthy by both measures ("both healthy"). Second, persons in either the lowest tertile of GI or the highest tertile of CF, but not both, were considered healthy in only one measure ("either healthy"). Third, persons positioned in both the highest tertile of GI and the lowest tertile of CF were considered to have "both unhealthy" categories. We assessed the HR of stroke for the "both unhealthy" and "either healthy" categories compared with the "both healthy" category. The remaining 3 groups of participants were excluded from this analysis: those in the middle tertiles of both, those in middle tertile of cereal fiber and highest tertile of glycemic index, and those in the middle tertile of glycemic index and lowest tertile of cereal fiber.
To investigate whether retinal venular caliber is an intermediate marker on the pathway among GI, CF, and stroke risk, we included retinal venular caliber in the Cox regression models to assess whether the effect size was attenuated. We also evaluated synergy using the Rothman synergy index (S) 37 to determine if the joint effects from GI and CF on the risk of stroke death or wider retinal venular caliber exceeded the sum of effects from each factor alone.
RR ab is the relative risk of the joint exposure group; RR a and RR b are relative risks for exposure to GI or CF, respectively. The synergy index represents the ratio of increased risk due to joint exposure (with synergistic effect) to the sum of increased risks due to each exposure alone.
The mean venule-adjusted arteriolar caliber and arteriole-adjusted venular caliber for GI or CF tertile was assessed using analysis of covariance. The lowest tertile of GI and highest tertile of fiber consumption were the reference categories. Finally, we used logistic models to assess interactions between fiber consumption and GI in their effects on the retinal microvasculature using the widest venular quintile as the outcome variable.
Three analysis of covariance models were constructed: Model 1 adjusted for age, gender, systolic blood pressure and diastolic blood pressure, body mass index, smoking, educational qualifications, fair or poor self-rated health, diabetes mellitus, history of coronary heart disease, and total vegetable, saturated fat, and fish consumption. Model 2 was adjusted for variables in Model 1 plus the nutrient variables, vitamins C and E, ␤-carotene, zinc, and folate replacing the vegetable variable. Model 3 additionally adjusted for white cell count, hemoglobin, and fibrinogen when the dependent variable was mean venular caliber. 38 -41 
Results
Of the 3654 baseline participants, 2897 participants with FFQs sufficiently complete and plausible were included for analysis. For the retinal vessel analysis, a further 185 participants were excluded due to missing retinal photographs or poor photographic images precluding vessel measurement or with retinal diseases confounding measurement of retinal vessel caliber. Participants without usable FFQ data were more likely to be older (mean age 69.3 years versus 65.3 years) or current smokers (17.7% versus 14.2%) than those with usable FFQs. Among those completing the FFQ, mean venule-adjusted arteriolar caliber was 187.3 m and mean arteriole-adjusted venular caliber was 225.0 m.
Over the 13 years, a total of 1297 participants had died (35.5% of the original cohort) by December 2005 with 139 of these recorded as stroke-related deaths (3.8%). After accounting for persons with available FFQ data, 95 stroke-related deaths (3.5%) are included in this report. Table 1 demonstrates the baseline characteristics of the population by GI tertiles. Male gender, fair or poor self-rated health, educational qualifications, white cell count, current smoking, and the consumption of vegetables, fish, and several nutrients differed between GI strata. Table 2 demonstrates that higher mean dietary GI and lower CF consumption at baseline was associated with greater 13-year stroke-related mortality. After adjusting for age, gender, systolic blood pressure and diastolic blood pressure, body mass index, smoking status, educational qualifications, fair or poor self-rated health, history of myocardial infarction and stroke, and presence of diabetes, the HR of stroke-related death for persons with diets in the highest tertile of GI was 1.91 (95% CI, 1.01 to 3.47) compared with those with diets in the 2 lower tertiles. The HR for the lowest tertile of CF consumption was 2.13 (95% CI, 1.19 to 3.80) compared with the 2 higher tertiles. We found no relationship between total, vegetable, or fruit fiber and risk of strokerelated death.
Joint effects of GI and CF on stroke-related death is shown in Table 2 . The group with unhealthy diet in either category (either highest tertile of GI or lowest tertile of CF) had a near doubling of risk for stroke death compared with the group with healthy diet in both categories. The group with unhealthy diet in both categories had a 5-fold increased risk for stroke death ( Table 2 ). The synergy index was 2, suggesting a substantial excess risk of stroke death attributable to joint exposure to both high-GI and low-CF diet.
We found no relationship among total carbohydrate consumption (excluding nondigestible fiber), glycemic load, and stroke mortality (data not shown). There was also no relationship demonstrated among GI (T3 versus remainder; HR, 0.91; 95% CI, 0.70 to 1.78), CF (T1 versus remainder; HR, 0.94; 95% CI, 0.73 to 1.22) , and the 13-year incidence of coronary heart disease mortality, suggesting some specificity of the observed associations with stroke-related death (Table  2) . However, we also found a higher risk of all-cause mortality in persons with both a high-GI and low-CF diet (HR, 1.48; 95% CI, 1.11 to 1.98). Table 3 shows the mean arteriolar and venular caliber by mean dietary GI and CF consumption after adjusting for multiple potential confounding variables. Higher mean dietary GI was associated with narrower mean arteriolar caliber (P trendϭ0.22) but wider mean venular caliber (P for Folate, g/day 439.9 400.9 390.2 *Self-rated health described as "fair" or "poor" compared with "excellent" or "good." †Any postsecondary school qualification (including trade certificate, diploma, degree). ‡Antioxidant amounts include both diet (energy-adjusted) and supplements.
trendϭ0.01). Lower CF consumption was associated with significantly narrower arteriolar caliber (P trendϭ0.002) and wider venular caliber (PϽ0.001). These associations persisted after replacing vegetable consumption with micronutrients in Model 2 or after further control for hemoglobin and fibrinogen in Model 3. Stratifying by the presence of hypertension or diabetes did not alter these relationships. We found a statistical interaction between the effects of mean dietary GI and CF on venular caliber (P interactionϭ0.002; Table 4 ). Participants with both a high-GI and low-CF diet had 2-fold greater odds of being in the widest category of retinal venular caliber. A synergy index of 1.50 suggested a greater effect of these 2 factors on wider venular caliber when jointly present. *ORs (with 95% CIs) adjusted for continuous age, gender, systolic blood pressure, diastolic blood pressure, antihypertensive medication use, body mass index, smoking status, educational qualifications, fair or poor self-rated health, history of myocardial infarction and stroke, and presence of diabetes. Interaction between dietary GI and CF (Pϭ0.002).
After adjusting for retinal venular caliber, the higher stroke mortality risk associated with high GI was reduced in magnitude and became nonsignificant (HR fell from 1.91 to 1.45). In contrast, the relationship between CF and strokerelated death persisted with similar magnitude (HR, 2.13 versus 2.46; Table 5 ).
Discussion
Only a few studies have investigated the relationships among dietary GI, [3] [4] [5] CF content, and risk of stroke. [42] [43] [44] [45] [46] The underlying pathways of these associations have not previously been examined in detail. In this older population-based cohort, we showed that either a high-GI or low-CF diet predicted a doubling of the long-term risk of stroke-related death. These 2 dietary factors also appeared to act synergistically to increase stroke risk more than 5-fold. The inclusion of retinal venular caliber in our model resulted in a 50% attenuation of the risk of stroke-related mortality from higher GI diets, indicating that 50% of the stroke death risk associated with high GI could be explained by the association with wider retinal venular caliber. This suggests a possible mechanism by which dietary parameters affecting postprandial glycemia could influence stroke-related mortality. In contrast, excess stroke mortality associated with low dietary CF appeared independent of retinal venular caliber.
Retinal venular widening has been identified as a structural microvascular sign predicting higher risk of stroke and other cardiovascular diseases. 7, 16, 17, 35, 36, 47, 48 We previously documented a nonsignificant relationship between larger venular diameter (Ͼ255.5 m) and incident stroke-related death (HR, 1.75; 95% CI, 0.75 to 4.07) in persons younger than 75 years. 7 Our current report provides further evidence in support of the concept that the microvasculature is a potential pathway by which a high-GI diet impacts adversely on stroke risk. [17] [18] [19] [20] Potentially deleterious cerebral effects of postprandial glucose could thus operate through the cerebral microvasculature, assuming that these retinal vessel signs parallel changes in cerebral vessels.
Several potential biological mechanisms could be operating at the microvascular level through which higher GI diets could mediate stroke risk. It has been suggested that the endothelial dysfunction preceding stroke may be mediated by the formation and collection of advanced glycation end products in vessel walls producing vascular damage such as increased vascular permeability. 6 The vascular endothelium is particularly susceptible to high levels of postprandial glycemia because endothelial cells are unable to regulate glucose transport across the cell membrane. 12, 49 Inflammation or reduced antioxidant capacity from hyperglycemia could also mediate endothelial dysfunction. 11, 12 Recent studies found no relationship between high-GI diets and cardiovascular mortality similar to our findings. 4, 50, 51 Levitan et al reported a relationship between hemorrhagic stroke and high GI. This could not be confirmed in our study because of the relatively small number of participants with hemorrhagic stroke on International Classification of Diseases classification (nϭ9).
We showed that diets low in CF were associated with adverse changes not only in retinal venular caliber, but also in retinal arteriolar caliber. Many studies have shown that consumption of wholegrain cereals (CF being an important constituent) is inversely associated with cardiovascular disease 46 and results in modest blood pressure reductions. 52, 53 However, we did not observe any attenuation of the magnitude of stroke risk after accounting for retinal venular caliber in our statistical models suggesting that its associations with risk of stroke-related death and with microvascular changes are independent.
The different pattern of diet relationships between arteriolar and venular caliber (ie, healthy diets associated with narrower arterioles but wider venules) may represent different pathogenic processes affecting arterioles and venules. Wider venules, for example, have been observed in association with inflammatory factors and endothelial dysfunction 38 -41 in contrast to arteriolar caliber, which is principally affected by hypertension. 16, 39 Strengths of this study include its well-defined urban population, use of a validated food questionnaire to collect dietary information, and detailed questionnaires that permitted careful assessment of potential confounding variables. The retinal vessel grading was masked with good intragrader reliability. 23, 25 Measurement error in the assessment of dietary variables is likely to be nondifferential because the dietary factors were collected long before stroke death events occurred. Participants may have altered their fiber consumption after diagnosis with hypertension or cardiovascular disease, but they would have been less likely to have altered the GI of their diets, because there was little publicity about the potential benefits of lower GI diet during the period 1992 to 1994. An important limitation of our study is the crosssectional nature of the associations of GI and vessel caliber. Despite our best efforts to control for socioeconomic and lifestyle variables, incomplete control for confounding effect from unmeasured social factors may have occurred. Residual confounding, however, seems unlikely to have had a major influence on our findings given their internal consistency, ie, different patterns of dietary associations were observed (eg, CF, but not total or fruit fiber, was associated with stroke), that would be difficult to explain by confounding from unmeasured lifestyle factors. Finally, the relatively low sensitivity and specificity of death certificate data could have tended to misclassify some stroke deaths, but this would likely only result in an underestimation of the association.
It should be recognized that the retinal vessel caliber differences observed between the lowest and highest categories of dietary GI and CF were modest (the between-person variation was 16.8 m in arteriolar caliber and 16.3 m in venular caliber). It has been shown, however, that even such a small reduction in retinal arteriolar caliber can be associated with moderate changes in blood pressure; for example, each 10 mm Hg increase in systolic blood pressure was associated with a 1.1 m reduction in arteriolar caliber. 39 Confirmation of our results in similar population-based studies such as those in the United States and the Netherlands would strengthen these findings. 16 -20,54 Experimental studies examining microvascular structure and function may also help to elucidate mechanisms underling our findings.
In conclusion, we showed that diets with high GI and low CF content predicted greater stroke mortality. These diets were also associated with wider retinal venular caliber, an intermediate microvascular marker of stroke. The increased risk of stroke mortality associated with high-GI diets was attenuated by 50% after accounting for variations in retinal venular caliber. Although microvascular changes are known to precede cardiovascular events, our findings indicate that the deleterious cerebrovascular effects from high-GI diets could operate partly by anatomic effects on the cerebral microvasculature.
